Selected mapping (SLM) is a popular peak-to-average power ratio (PAPR) reduction technique suitable for use in orthogonal frequency division multiplexing (OFDM) systems as it achieves good PAPR reduction performance without signal distortion. However, SLM requires a bank of inverse fast Fourier transforms (IFFTs) to produce candidate signals, resulting in high computational complexity. In this paper, we introduce a novel SLM technique based on conversion matrices (CM) and a genetic algorithm (GA) that requires only one IFFT module. Simulation results indicate that the proposed method obtains desirable PAPR reduction performance with low computational complexity.
Introduction
A major drawback of orthogonal frequency division multiplexing (OFDM) systems is the high peak-to-average power ratio (PAPR) of the transmitted signal. Among various PAPR reduction techniques, selected mapping (SLM) [1] is a popular method that achieves good PAPR reduction performance without signal distortion. However, SLM requires a large number of inverse fast Fourier transform (IFFT) operations to generate the candidate signal set. Many schemes have been proposed to reduce the computational complexity of SLM, such as the modified SLM schemes based on conversion matrices [2, 3] . CM based SLM (CMSLM) schemes require only one IFFT module as the IFFT modules are replaced by CMs. However, CMs are constructed based on conversion basis vectors, obtained using an exhaustive search method. Furthermore, in order to obtain a sufficient number of CMs to generate candidate signals, an additional variation insertion operation is required in CMSLM schemes. The random variation insertion operation applied to CMs may result in candidate signals with high correlation and poor PAPR reduction performance. A genetic algorithm (GA) is a stochastic search method based on the principles of natural evolution and employs selection and recombination operations [4] . The GA has been successfully applied in various signal processing areas, including PAPR reduction of OFDM signals [5] . In this paper, we present a novel PAPR reduction technique based on CMs and a GA. The proposed scheme requires only one IFFT module through the use of CMs and obtains an optimum candidate signal set with good PAPR reduction performance by employing a GA.
The rest of the paper is organized as follows. In Section 2, the OFDM model, the conventional SLM scheme, and the CMSLM scheme are described. In Section 3, the proposed SLM scheme based on the GA is presented. Simulation results are presented in Section 4, followed by the conclusion in Section 5.
System model

OFDM model
An OFDM signal is the sum of N independent subcarriers of equal bandwidth that can be expressed as
where X k is the quadrature phase shift keying (QPSK) or quadrature amplitude modulation (QAM) modulated data symbol of the kth subcarrier. Let J be the oversampling rate implemented with (J −1)· N zeros in the middle. The nth oversampled time domain OFDM signal can now be expressed as
Usually, J ≥ 4 is used to approximate the peaks of the continuous time domain signal. The PAPR of the time domain OFDM symbol is defined as the ratio of maximal instantaneous power to the average power as
where E[·] denotes the expectation operator.
SLM scheme
In SLM, the original OFDM symbol is multiplied with M phase rotation sequences to produce M statistically independent sequences representing the same information. Of these, the sequence with the lowest PAPR is selected for transmission. The M candidate signals can be represented as
where P i is the phase rotation matrix with diagonal elements P i n = e jθ i n representing ith randomly generated phase θ i n ∈ [0, 2π) with i = 0, 1, . . . , M − 1 and n = 0, 1, . . . , N − 1.
CM based SLM scheme
The time domain OFDM signal can be expressed as
where Q is the J N × J N IFFT matrix with elements q n,k = (1/J N ) 1/2 e j2πnk/J N . Furthermore, the ith candidate signal in the time domain generated by the SLM method can be expressed as
where P i is the ith phase rotation matrix. Eq. (6) can be represented as
From Eq. (7), the CM G i is defined as G i = QP i Q −1 . From the convolution property, the time domain vector x i can be obtained by taking a circular convolution operation of the IFFT of the phase rotation vector and the original time domain OFDM signal. Note that the circular convolution operations can be replaced with simple multiplication operations through the use of a circulant matrix. Thus, we can express Eq. (7) as [2] where
where G i ⟨u⟩ is a circularly down shifted version of the column vector G i by u elements. To reduce the computational complexity of the CMSLM approach, the following conditions are applied to all the CMs used for generating candidate signals [2] : (1) The number of nonzero elements is restricted to four and (2) The nonzero values are selected from ±1, ± j. When these conditions are satisfied, only 3J N complex additions are needed without any complex multiplications. Fig. 1 shows the block diagram of the CMSLM scheme and one can see that only one IFFT module is required. However, compared to the SLM scheme, an additional variation insertion operation is required. Based on this additional operation, alternative candidate signals are generated through operations such as adjusting the number of zero elements between the nonzero values in conversion vectors as shown below [2] :
where n = 0, 1, . . . , log 2 (J N /4), g k is the nonzero value of a conversion vector from the conversion vector table, and zeros(m) is a row vector with m zero elements.
Proposed method
In the proposed method, a GA is employed to search for a set of optimal CMs used to generate candidate signals based on one-IFFT module structure of the CMSLM scheme. As shown in Fig. 2 , the GA module in the proposed scheme replaces the exhaustive search operation of conversion vectors and random variation insertion of the CMSLM scheme with a search process consisting of genetic encoding of nonzero values and spacing parameters. The chromosomes used in the proposed algorithm consist of two genes representing the possible nonzero values and spacing parameters for constructing a CM. The binary encoded chromosome can be represented as a 1 × (K + R) vector as follows.
where a k ∈ (0, 1) represents the possible nonzero values from (±1, ± j) and b r ∈ (0, 1) represents the possible number of zeros between the nonzero values, g k . To satisfy the complexity conditions of the CM in [2] , the number of nonzero elements is fixed to four, resulting in K = 8 to represent all 256 combinations. Furthermore, the number of zeros is selected from (0, R), where R = J N /4 − 1. Based on the GA module output, the CM can be expressed as
where h is selected from (0, J N /4 − 1) and zeros(w) is a row vector with w zero elements. As for the evaluation function for calculating a fitness value for a conversion vector set, a criterion based on the mathematical correlation analysis proposed in [6] for calculating low variance of correlation (VC) is used in the proposed scheme. VC is defined as [6] 
where Var{•} denotes the variance and R uv (τ ) denotes the correlation between any two alternative conversion vectors u and v. The detailed procedure for optimum CM generation in the proposed SLM scheme based on the GA is described below. 1. Initialize evolution related parameters: The population size D, the crossover rate p c , the mutation rate p m , and the maximal iteration number L are set. 2. Generate initial population: D chromosomes are generated with random binary bits representing nonzero values and spacing between the nonzero values in CMs. 3. Evaluate and assign fitness to the population: Based on the binary encoded nonzero values and spacing information in each chromosome, D conversion vectors are generated. Using the VC criteria, calculate i fitness values corresponding to a conversion vector set when a conversion vector based on chromosome C i is excluded from the set, where i = 1, 2, . . . , D. 4. Generate next-generation population: Tournament selection method is used for the crossover operation to select parent chromosomes and produce offsprings. D/2 parent chromosomes with the highest fitness values and D/2 child chromosomes with the highest fitness values are combined to create the new population. 5. Mutation operation is applied to the new population through random bit alterations. 6. If the maximum iteration count L has not been reached, the process of evaluation, selection, recombination, and mutation is repeated. 7. Obtain the circulant conversion matrix based on the final population: The circulant conversion matrix is obtained by circularly down shifting the conversion vector.
Simulation results
In this section, we evaluate the PAPR reduction performance of the proposed method based on computer simulations. The considered OFDM system has N = 64 subcarriers with 16-QAM modulation and the oversampling rate was set to J = 4. For comparison purposes, simulation results were obtained for the original OFDM system, the conventional SLM scheme, the CMSLM [2] , and the proposed SLM scheme based on the GA. For the SLM method, M = 32 candidate signals are generated based on random phase set θ i n ∈ {0, π/2, π, 2π }. For CMSLM, M = 32 candidate signals are generated based on conversion matrices listed in Table IV of [2] . As for the proposed scheme, the population size was set to D = 32. Furthermore, the crossover rate, the mutation rate, and the maximal iteration rate number were set to p c = 0.7, p m = 0.05, and L = 30, respectively. Fig. 3 shows the PAPR reduction performance of the original OFDM system, the conventional SLM scheme, the CMSLM scheme, and the proposed SLM scheme using the complementary cumulative distribution function (CCDF) defined as CCDF PAPR = Pr(PAPR > PAPR 0 ), where PAPR 0 is a given clip level. It is shown that at CCDF = 10 −3 , the PAPR reduction achieved by SLM based schemes is quite significant with values greater than 3 dB compared to that of the original OFDM signal. However, the proposed SLM scheme shows the highest PAPR reduction among all the SLM schemes with only one IFFT module. Fig. 4 compares the BER performance of the proposed technique to that of SLM, CMSLM, and the original OFDM signal over an additive white Gaussian noise (AWGN) channel. From the figure, we can see that CMSLM and the proposed method have almost similar BER performance.
Conclusion
In this paper, we proposed a new CMSLM method based on a GA. The proposed scheme requires only one IFFT module and provides an optimum candidate signal set by genetic encoding of CM related parameters. From the simulation results, it was observed that the proposed scheme achieves significant PAPR reduction performance improvement compared to the conventional SLM and the CMSLM schemes.
